ABSTRACT: Indomethacin, ibuprofen, and gentamicin are commonly administered to neonates between 24 and 28 wk gestation when glomerulogenesis is still occurring. Indomethacin is known to cause renal failure in up to 25% of infants treated. Possible morphologic effects of these drugs are largely unknown. The purpose of this study was to determine the type of renal changes found on light (LM) and electron microscopy (EM) following administration of indomethacin, ibuprofen, and gentamicin in a neonatal rat model. Rat pups were exposed to indomethacin or ibuprofen and/or gentamicin antenatally for 5 d before birth or postnatally for 5 d from d 1 of life. Pups were killed at 14 d of age. LM examination in all indomethacin-and ibuprofen-treated pups both antenatally and postnatally showed vacuolization of the epithelial proximal tubules, interstitial edema, intratubular protein deposition but no significant glomerular changes. EM examination showed pleomorphic mitochondria and loss of microvilli in the tubules. The glomeruli showed extensive foot process effacement and irregularities of the glomerular basement membrane. EM changes were most marked in pups treated antenatally with ibuprofen, and indomethacin with gentamicin postnatally. Indomethacin, ibuprofen, and gentamicin cause significant change in glomerular and tubular structure in the neonatal rat model. U p to 5% of infants are delivered between 24 and 28 wk gestation, at a time when glomerulogenesis is occurring. Indomethacin and ibuprofen are commonly used in extremely premature neonates to close a patent ductus arteriosus at this time (1,2). Both of these drugs are successful in closing the ductus (3,4), but the morphologic effects these drugs may have on the developing kidney are unknown. Both drugs are known to be nephrotoxic, with indomethacin causing acute renal failure in 25% of premature neonates treated (5). Ibuprofen is considered to have less renal toxicity than indomethacin, but is as efficacious as indomethacin at closing the patent ductus (6). Two animal studies have shown an effect on glomerulogenesis by ibuprofen and a COX-2 selective inhibitor. In both studies, the number and size of glomeruli was decreased (7, 8) .
U p to 5% of infants are delivered between 24 and 28 wk gestation, at a time when glomerulogenesis is occurring. Indomethacin and ibuprofen are commonly used in extremely premature neonates to close a patent ductus arteriosus at this time (1, 2) . Both of these drugs are successful in closing the ductus (3, 4) , but the morphologic effects these drugs may have on the developing kidney are unknown. Both drugs are known to be nephrotoxic, with indomethacin causing acute renal failure in 25% of premature neonates treated (5) . Ibuprofen is considered to have less renal toxicity than indomethacin, but is as efficacious as indomethacin at closing the patent ductus (6) . Two animal studies have shown an effect on glomerulogenesis by ibuprofen and a COX-2 selective inhibitor. In both studies, the number and size of glomeruli was decreased (7, 8) .
Gentamicin is frequently administered at the same time as indomethacin or ibuprofen. Gentamicin has been shown in in vitro studies to affect nephron development (9) . The combination of nonsteroidal anti-inflammatory drugs (NSAID) and gentamicin on glomerular development is unknown. The renal effect of indomethacin has not been examined in a neonatal animal model, nor has the combination of both indomethacin or ibuprofen and gentamicin.
In the human, glomerulogenesis is complete at 36 wk gestation. The metanephron develops at 5 wk gestation, with vesicular glomeruli development occurring at 18 wk gestation. Glomerular tubular development occurs from 24 wk gestation and is complete at 36 wk (10 -12) . In the rat model, glomerulogenesis continues after birth until 14 d of life (13) . At birth the neonatal rat kidney is similar to that of a 24-wk gestation human fetus.
Reduction in the number of glomeruli has been implicated in the development of hypertension and subsequent cardiovascular disease in animal models and human studies (14 -18) . The use of nephrotoxic drugs during this period of glomerulogenesis may cause glomerular injury and result in a decreased number of glomeruli that may result in renal disease later in life.
The aim of this study was to determine in a neonatal rat model whether there is light or electron microscopic evidence of tubular and glomerular injury following exposure to antenatal indomethacin or ibuprofen; postnatal indomethacin or ibuprofen; or postnatal indomethacin or ibuprofen in combination with gentamicin.
METHODS
Sprague-Dawley pregnant dams were obtained from the Animal Resource Centre (Perth, WA, Australia). The animal experiments were approved by the Australian National University Animal Ethics Committee and treatment and care of the animals conformed to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Control animals consisted of pregnant dams and their offspring having no drug treatment during pregnancy or their pups receiving intraperitoneal saline.
Eleven groups of experimental animals were established. The method of administration, timing and dose of medication are detailed in Table 1 . The timing and doses of medication are similar to those used clinically in the human neonate.
Immediately after sacrificing the pups, the abdominal and chest organs were exposed using a midline incision. A butterfly needle was inserted and clamped into the left ventricle and an incision made into the right atrium. To prevent clotting, heparin sodium 1 U/g body weight (Astra Zeneca Pty Ltd., Sydney, Australia) was instilled into the circulation. To dilate the vasculature, papaverine hydrochloride 1.2 mg dose (David Bull Laboratories, Melbourne, Australia) was administered. The vasculature was then cleared with 0.9% sodium chloride and then perfusion-fixed with 2.5% glutaraldehyde (ProSciTech Pty. Ltd., Townsville, Australia) in 0.1 M phosphate buffer. The right and left kidneys were then excised. The right kidney was placed in 2.5% glutaraldehyde while the left kidney was placed in 10% buffered formalin.
Light microscopy. Following fixation in 2.5% glutaraldehyde for 5 h the kidney tissue was transferred into 10% buffered formalin for 24 h before processing and embedding into paraffin. Two 4-m sections were cut from each sample and stained with hematoxylin and eosin. Special histochemical stains [periodic acid Schiff with methenamine silver (PASM) and Trichrome stains] were also performed to better assess the basement membranes and capillary loops.
Electron microscopy. Kidneys were fixed in 2.5% glutaraldehyde (ProSciTech Pty. Ltd.) for 5 h and then postfixed with 0.1 M cacodylate-buffered 2% osmium tetroxide (ProSciTech Pty. Ltd.) for 2 h. En bloc staining with 2% aqueous uranyl acetate (ProSciTech Pty. Ltd.) preceded dehydration through a graded series of ethanol steps. Specimens were infiltrated with Spurrs resin and set overnight at 70°C. Three levels of thin sections (100 nm) were cut from three blocks of each rat pup with a minimum of two rat pups from each group examined. Thin sections mounted on copper/palladium grids were stained with Reynold's lead citrate and viewed on a Jeol 1011 transmission electron microscope. Images were captured using a MegaView III digital camera and AnalySis software.
RESULTS
In all groups, 4 -15 pups survived to d 14. Control groups. LM examination of both control groups (no treatment and intraperitoneal saline) revealed no tubular or glomerular changes. LM findings in the saline treated group had no significant changes.
The control group receiving no treatment showed normal tubular and glomerular architecture. The saline control group did not fix appropriately and were unable to undergo EM examination.
Intrauterine exposure to indomethacin or ibuprofen. The proximal tubules of the kidneys from these animals show granular cytoplasm with small intracytoplasmic vacuolative change. Small vacuoles were seen on the surface of these cells. Rare lymphocytes were seen in the interstitium of the renal cortex and medulla. Interstitial edema was most obvious in the indomethacin treated animals in the region of the corticomedullary junction. The glomeruli were unremarkable (Table 2) .
Extensive foot process effacement (70 -80%), basement membrane changes with laminations, protrusions and lucency were seen in all groups (Fig. 1, A-C) . All of the sections in each group showed predominately distal tubular changes consisting of pleomorphic mitochondria, loss of microvilli, and some inflammatory cells. Vacuoles containing a small amount of lucent protein material were seen mainly in the proximal tubules. The most significant changes were seen in the group receiving 20 mg/kg/d of ibuprofen (Table 2) .
Postnatal exposure to indomethacin or ibuprofen or in combination with gentamicin-Light microscopy. The proximal tubules in all groups, especially in the region of the corticomedullary junction, showed prominent vacuolization and granularity of the cytoplasm of the tubular epithelial cells as well as some large intraluminal vacuole formation. This was most prominent in the groups of rats treated with both indomethacin or ibuprofen and gentamicin ( Fig. 2A) . Rare lymphocytes were seen in the interstitium of the medulla, and less so in the cortex, in all treatment groups. Interstitial edema was evident in all treated groups, particularly in the region of the corticomedullary junction. The glomeruli in all treatment groups showed no obvious changes to the capillary loops or mesangium. There was no increase in cellularity within glomeruli and no glomerulosis (Fig. 2B ). Gentamicin on its own showed similar findings to those of indomethacin and ibuprofen (Table 3) . Indo 0.5 mg n ϭ 11
Indo 1 mg n ϭ 7
Ibu 10 mg n ϭ 9
Ibu 20 mg n ϭ 5
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Electron microscopy. Foot process effacement of 25-80% was seen in the postnatally treated rat pups, but was not as extensive as in the intrauterine groups except for the combination of indomethacin and gentamicin (Fig. 3, A-C) . The splits, laminations, and "spike"-like projections are shown in Figure 4 , A-F. The tubular changes were similar to those of the intrauterine-exposed animals with distal tubules having pleomorphic mitochondria, loss of microvilli and some inflammatory cells (Fig. 5, A-D) (Table 2 ). In the samples, it was possible to see normal appearing mitochondria in tubules adjacent to the tubule containing abnormal appearing mitochondria indicating that this observed change is not processing artefact.
DISCUSSION
This neonatal rat model demonstrates on EM that substantial glomerular and tubular injury occurs following antenatal administration of indomethacin or ibuprofen, and that this injury has not resolved at the completion of glomerulogenesis. This model also demonstrates that postnatal administration of these medications also results in significant glomerular and tubular injury.
A 5-d postnatal course of indomethacin or ibuprofen in our neonatal rat model covers a more extensive period of glomeru- logenesis (24 -30 wk gestation) in comparison with the human neonate. However, up to 40% of infants do not have successful closure of the duct and require a second or third course of indomethacin, extending the period they are exposed to these drugs during glomerulogenesis (19 -21) . Pups in this study were killed at 14 d of age, and this may not have allowed enough time for the kidney to recover. However, the pups that were exposed to indomethacin or ibuprofen antenatally were noted to have more extensive injury, and had a longer period of recovery before sacrifice. Further studies are required at later time points to determine whether this injury is long-standing, associated with glomerulosclerosis or glomerular loss. Indomethacin is administered to pregnant women to try and prevent preterm delivery. Adverse effects of indomethacin on the fetus and neonate have been described including oligohydramnios, persistent renal insufficiency, gastrointestinal bleeding and perforation, and persistent pulmonary hypertension (22) (23) (24) (25) (26) . However, it has not been determined whether there is any effect on fetal glomerular development following exposure to intrauterine indomethacin. Our study indicates that glomerular injury occurs with antenatal exposure that has not resolved at term.
The effect of NSAID on the kidney is well documented in the adult. Up to 1% of the population are thought to experience renal impairment after using NSAID. However, it is often difficult to determine whether the renal compromise is due to the drug or underlying renal disease already present (27) . NSAID do not alter the GFR in healthy controls that are euvolemic, however it may be reduced in patients with preexisting chronic renal disease or in the elderly associated with their reduced GFR (28, 29) . This finding could explain the high rate of acute renal failure (5) following administration of indomethacin in premature neonates who have a very low GFR.
The renal tubular change was evident in all treatment groups. The tubular changes were most evident light microscopically in the groups administrated postnatally with the combination of an NSAID and gentamicin. EM showed more glomerular damage in the groups administered medications antenatally and very little difference in tubular damage between the groups. It is likely that LM is a relatively insensitive way of assessing tubular and glomerular damage unless it is severe. There was not a significant difference in the amount of interstitial edema or lymphocyte infiltrate in either the antenatally or postnatal treatment groups. Pirani et al. (30) reported LM findings of tubular degenerative and regenerative changes coupled to interstitial nephritis in adult renal biopsies with NSAID renal impairment. The infiltrate in these cases were predominantly lymphocytic in nature. The inflammatory infiltrate seen in our neonatal rat model was also lymphocytic. Previous EM studies have demonstrated no glomerular injury or mild effacement of podocyte foot processes (27) , which was a prominent feature in our study. There have been a number of case reports of focal glomerulosclerosis, membranous glomer- ulonephritis, or proliferative glomerulonephritis associated with NSAID treatment in adult humans. However, because of their rarity it is difficult to determine whether this is causative or incidental (31) (32) (33) (34) . Gentamicin causes acute tubular necrosis that may also be associated with tubulointerstitial changes seen on LM (35) (36) (37) . EM changes with gentamicin also only constitute tubular injury (38, 39) . The differences in the published literature and our results suggest that exposure to these drugs may result in more significant damage during glomerulogenesis that is not evident in the mature glomerulus.
In our study, LM changes principally involved tubular findings with prominent vacuolization and granularity of the cytoplasm of the epithelial cells, as well as some intraluminal vacuole formation. EM findings showed tubular injury with both indomethacin and ibuprofen, predominantly affecting the distal tubules with loss of microvilli, mitochondrial changes, and some inflammatory cells above the tubular basement membrane. Proximal tubules developed vacuoles that contained small amounts of lucent protein a feature rarely seen in the distal tubules of these animals. Gentamicin on its own also produced these changes. Of most significance were the EM changes with marked glomerular involvement with foot process effacement ranging from 25 to 80%. There was also considerable splitting of the basement membrane along with protrusions and lucencies demonstrated. The addition of gentamicin to indomethacin showed the most significant glomerular injury. These changes are quite different and more pronounced in this animal neonatal model than noted in adult animal and human renal biopsy findings.
A reduction in the number of nephrons has been suggested as one of the potential causes for hypertension. A difference in the number of nephrons at birth has been noted in different racial populations (40) along with glomerular size (41) , and may be associated with the subsequent increased risk of hypertension in these races. Extremely premature infants frequently have poor extrauterine growth and along with glomerular injury caused by such drugs as indomethacin, ibuprofen, and gentamicin, may result in a reduced number of nephrons and an increased risk of hypertension later in life. There is suggestion from the literature that extremely premature infants are at increased risk of high blood pressure in adulthood (42) (43) (44) (45) . Evidence of long-term renal impairment has been found by Rodriguez-Soriano et al. (46) with abnormal tubular phosphate transport along with urinary calcium excretion, however, they found no difference in blood pressure. Changes in renal histomorphometry have been noted in extremely premature infants (47, 48) , indicating that oligonephropathy can occur and may subsequently predispose these infants to renal disease and hypertension later in life. Our study, although not showing glomerulosclerosis, has indicated far more extensive glomerular injury than expected following exposure to these drugs. Further morphometric analysis is required to determine whether this injury has resulted in a decreased number of glomeruli, which may result in later hypertension.
This study of indomethacin, ibuprofen, and gentamicin in a neonatal animal model indicates more extensive glomerular injury than expected from adult animal and human renal biopsies. Exposure to these drugs during glomerulogenesis may have the potential to result in oligonephropathy and subsequent glomerular hyperfiltration and risk for later renal disease. This raises concerns regarding the use of these drugs in extreme premature infants at the time of glomerulogenesis. Unfortunately, at present there are no other medical options to close the ductus arteriosus, but prudent use of indomethacin and ibuprofen, especially in combination with gentamicin should be considered. Further studies are required to determine the long-term renal risk of these drugs in the human preterm neonate.
